Abstract. The Yangtze River Delta (YRD) is one of the most densely populated regions in China with severe air quality 14 issues, which has not been fully understood. Thus, in this study, based on one-year (2013) we investigated the seasonal characteristics, interspecies relationships, and the local emissions and the regional potential 17 source contributions of trace gases (including O 3 , NO x , NO y , SO 2 and CO) and particulate matters (PM 2.5 and PM 10 ). Results 18 revealed severe two-tier air pollution (photochemical and haze pollution) occurred in this region, with frequent exceedances 19 in O 3 (38 days) and PM 2.5 (62 days). O 3 and PM 2.5 both exhibited distinct seasonal variations with reversed patterns: O 3 20 reaching a maximum in warm seasons (May and July) but PM 2.5 in cold seasons (November to January). The overall results 21 from interspecies correlation indicated a strong local photochemistry favoring the O 3 production under a volatile organic 22 compound (VOC)-limited regime, whereas it moved towards an optimum O 3 production zone during warm seasons, 23 accompanying with a formation of secondary fine particulates under high O 3 . The emission maps of PM 2.5 , CO, NO x , and 24 SO 2 demonstrated that local emissions were both significant for these species on seasonal scale. The contributions from the 25 regional transports among inland cities (Zhejiang, Jiangsu, Anhui, and Jiangxi Province) on seasonal scale were further 26 confirmed to be crucial to air pollution at NRCS site by using the backward trajectories simulations. Air masses transported 27 from the offshore area of Yellow Sea, East Sea, and South Sea were also found to be highly relevant to the elevated O 3 at 28 NRCS site through the analysis of potential source contribution function (PSCF). Case studies of photochemical pollution 29 (O 3 ) and haze (PM 2.5 ) episodes both suggested the combined importance of local atmospheric photochemistry and synoptic 30 conditions during the accumulation (related with anticyclones) and dilution process (related with cyclones). Apart from 31 2 supplementing a general picture of the air pollution state in urban Hangzhou in the YRD region, this study specifically 32 elucidates the role of local emission and regional transport, and interprets the physical and photochemical processes during 33 haze and photochemical pollution episodes. Moreover, this work suggests that cross-regional control measures are crucial to 34 improve air quality in the YRD region, and further emphasizes the importance of local thermally induced circulation on air 35 quality. 36
Hangzhou is situated in the eastern coast of China and is one of the most developed cities in the Yangtze River Delta region. 84
It has 8.9 million population and 2.7 million vehicles according to the 2014 Statistical Bulletin of Hangzhou. It belongs to 85 the subtropical monsoon climate, with an average temperature of 17.0°C, relative humidity of 75% and rainfall of 1438 mm 86 over the past 30 years . In this study, all in-situ measurements of gaseous constituents, particulates and 87 meteorological factors were conducted at a site named NRCS (30.22 day at starting times of 00:00, 6:00, 12:00, and 18:00 UTC (08:00, 14:00, 20:00, and 02:00 LT, respectively). The method 134 used in trajectory clustering was based on the GIS-based software TrajStat (Wang et al. 2004) . 135
Potential source contribution function 136
The potential source contribution function (PSCF) is widely used to identify regional sources based on the HYSPLIT model. 137
The zone of concern is divided into i×j small equal grid cells. The PSCF value in the ij-th cell is defined as mij/nij, where n ij 138 is denoted as the numbers of endpoints that fall in the ij-th cell and m ij represents the numbers of "polluted" trajectory 139 endpoints in the ij-th cell. In this analysis, average concentrations were considered as the "polluted" threshold (Hsu et al., were classified to the prevailing synoptic types during photochemical pollution and haze episodes as discussed in Section 3.5. 155
The NECP-FNL reanalysis was produced from the Global Data Assimilation System, which continuously assimilates 156 observations from the Global Telecommunication System and other sources. The NECP-FNL reanalysis fields were on 1 o ×1 o 157 grids with a 6 h resolution. 158
3 Results and discussion 159
Concentration levels 160
To evaluate the overall concentration level of gaseous and particulate pollution at NRCS, we selected a Grade II standard of 161 the Chinese Ambient Air Quality Standards (CAAQS, GB 3095-2012), which was released in 2012 by the China State 162
Council and implemented thorough the whole nation in 2016 (MEP, 2012 For O 3 , about 38 days exceedances (75 ppbv for daily maximum 8 h average for the Grade II CAAQS) in whole were found 166 during the whole period, mostly covering from May to September. It suggested Hangzhou was suffering from heavy haze 167 and photochemical pollution in cold and warm seasons. Concerning SO 2 , the annual mean was 10.9 ppbv in this study, 168 nearly half of the yearly mean of SO 2 Grade II CAAQS (21 ppbv). It was reasonably attributed to the powerful measure of 169
Chinese government to control the emission of SO 2 starting at 1990 (He et al., 2002; Qi et al., 2012) . Table 2 summarized a  170 statistical analysis on these species and listed the comparison with the previous results in other typical regions in China. In 171 general, with respect to all these chemicals, our results were generally comparable with those observed by other 172 contemporaneous measurements in Hangzhou and the other cities in YRD. As expected, regional differences among YRD, 173 PRD, and BTH could be also found as illustrated in Table 2 . For instance, observed PM 2.5 , PM 10 , and CO concentrations 174 were higher in BTH than those in YRD and PRD through the comparison among provincial capital cities in China during limited measurements executed in China. The yearly mean NO y concentration of 63.7 ppbv in this study was slightly higher 181 than 54.6 ppbv in Beijing (Wu et al., 2016b ). It's interestingly noted that slightly higher NO y at NRCS possibly indicated 182 more abundance of nitrogen oxides in Hangzhou. Additionally, the daytime mean concentrations were comparable with 183 those at nighttime for PM 2.5 nearly in all seasons but higher for O 3 due to the daily variations in solar radiation and air 184 temperature, the reverse is true for CO, NO x , and NO y . 185 compared to other continent sites in the west/northwest YRD. In fact, the CO and NO y data ( Fig. 2b and Fig. 2e) show that 197 these precursors were still at fairly high levels (about 500 ppbv and 35 ppbv, respectively) in summer. The low O 3 level in 198
Seasonal characteristics
winter, especially at night, can be attributed to the lower temperature, weaker solar radiation, and in particular the strong 199 destruction of O 3 by chemical titration of NO from local emission or regional transport as discussed below (Lin et al., 2008 (Lin et al., , 200 2009 (Lin et al., , 2011 . Note that, a slight drop of O 3 was found in June compared with other months in summer, mainly attributing to 201 the more frequent rainy days (23 days) and larger rainfall in June (346 mm) than those in May (15 days) and July (5 days) 202 during summertime (Table 1) . 203
For PM 2.5 and PM 10 , Fig. 2g and -2h both displayed overall well-defined seasonal variations with the maximum in winter 204 (December) and the minimum in summer (July). In cold seasons the emission of particulate matter is normally high due to 205 more emission of fossil fuels during heating in northern China (Zhang et al., 2009) , which contributed to the enhancements 206 of particulate matters and other tracer gases (i.e., CO and NO x ) at NRCS site via long-distance transport (See discussion in 207 Section 3.4). Furthermore, in winter temperature inversion and low mixing layer contribute to decrease particulate 208 suspension and advection (Miao et al., 2015a) . Also, dry/wet deposition should have strong seasonal variations because high 209 precipitation favors wet-deposition and high soil humidity, and the growth of deciduous plants may also favor the dry 210 deposition of particulate matter in warm seasons ). The relatively low concentrations of PM 2.5 and PM 10 in 211 summer may be also partly due to an increased vertical mixing (i.e., a higher boundary layer height) and more convection 212 February was mainly ascribed to the winter break of the Chinese Spring Festival, which started at the end of January and 215 lasted until mid-February. Notably, the seasonal pattern for PM was similar to NO x , which suggested that traffic and heating 216 emissions were important to the PM 2.5 variation. 217
For other trace gases (CO, NO x , NO y , and SO 2 ), they all revealed clear seasonal variations but also some unique month-to-218 month variation patterns (Fig. 2a-2f and Fig. 2i ). Similar seasonal patterns among CO, NO x , and SO 2 were generally found 219 with pronounced minimums appearing in summer and higher levels in fall and winter. Similar reasons with particulate 220 matters could interpret these seasonal patterns such as the variation in the boundary layer height and the long-distance 221 transport as mentioned above. The last but not the least was photochemistry. During summer, it's most active to accelerate 222 the transformation of primary gaseous pollutants, whereas in winter, weaker photochemical reaction cannot remove the gases 223 as quickly as in the warmer seasons from the atmosphere. 224 NO y concentration increased at the end of autumn, with a maximum in December together with a sharp peak of NO. Time 225 series implied that in December there was a multi-day episode of NO x with high mixing ratios of NO and NO 2 both reaching 226 up to 100 ppbv and these days were generally correlated with northwest wind, suggesting a fresh emission from factories in 227 the industrial zone in the northwest. The "potential ozone" O x (O 3 +NO 2 ) is usually used as an estimate of atmospheric total 228 oxidant (Lin et al., 2008). In summer (Fig. 2f) , an abnormally high level of O x was found in winter with low O 3 . The high 229 level of NO 2 in O x was expected to be originated from the significant titration of high NO by O 3 in November and December 230 (Fig. 2a) . 231
As shown in Fig. 2i , SO 2 displayed a strong increase in winter but a significant drop in November. This pronounced 232 winter peaks were mainly due to the increased coal consumption for heating as mentioned above. The drop was associated 233 with the PM 2.5 maximum and a relatively high RH ( Fig. 2g and Table 1 ), suggesting a possible role of heterogeneous 234 reactions (Ravishankara, 1997) . 235
Inter-species correlations 236
Inter-species correlation could be normally used as an agent for acquiring some insights on their chemical formation, 237 removal processes, and interactions. As displayed in Fig. 3 and Fig. 4 , we presented scatter plots of NO y -O 3 , NO y -PM 2.5 , 238 NO y -SO 2 , O 3 -PM 2.5 , and NO y -CO correlations based on the whole dataset, respectively, and further discriminated these 239 correlations under typical environmental or meteorological impacts with color-coded parameters (i.e., relative humidity, air 240 temperature, and O 3 concentration). Clearly, overall negative correlation was found between O 3 and NO y during the whole 241 period (Fig. 3a) . The color data showed that negative correlation mainly appeared with data of low air temperature, implying 242 a remarkable titration of freshly emitted NO with O 3 during the cold seasons and at nighttime. In contrast, a positive 243 correlation between O 3 and NO y dominated under high air temperature, which usually occurred in the daytime of warm 244 seasons within a moderate level of NO y (<150 ppbv). These findings suggested a strong local photochemical production of 245 O 3 in summer, leading to its seasonal variations as illustrated in Fig. 2a . 246
As illustrated in Fig. 3b , a good positive correlation was found between PM 2.5 and NO y , suggesting that PM 2.5 was highly 247 correlated with fossil combustion at this site. Some green data in the plot show very high NO y concentration together with 248 not very high PM 2.5 /NO y , implying that negligible interference of humidity on TEOM PM 2.5 measurement during the study 250 period, even under high RH condition in summer. 251 SO 2 and NO y show a moderate to good correlation (See Fig. 3c ). Specifically, a better correlation and higher SO 2 /NO y 252 ratio were gained from air with low humidity. Nevertheless, the point distribution was much more scattered for the humid air 253 masses, and the ratio of SO 2 /NO y was clearly low, confirming a higher conversion of SO 2 to sulfate and/or deposition in the 254 humid condition (Khoder, 2002; Su et al., 2011) . In this study, the averaged ratios of SO 2 /NO y during 18 February-30 April 255 was lower as 0.017, compared with that previously reported at Lin'an during the same months twelve years ago (Wang et al., 256 2004) . It was mainly owing to a remarkable reduction of SO 2 emission from power plants but an increased NO x emission 257 associated with a huge consumption of petroleum fuels in the past decade in this region (Zhang et al., 2009) . 258
A scatter plot of O 3 with PM 2.5 color-coded with air temperature was depicted in Fig. 3d . During moderate to high air 259 temperature, a significant positive correlation was elucidated between O 3 and PM 2.5 and the reverse negative correlation was 260 found under low temperature. The positive correlation for warm air might reflect a formation of secondary fine particulates 261 in summer associated with high O 3 , which was confirmed by our comparison of the ratio of the averaged PM 2.5 262 concentrations in the typical O 3 exceedances events (OE) to that in nearby non-O 3 exceedances (NOE) events (PM 2.5(OE) / 263 PM 2.5(NOE) ) with the ratios for other gaseous pollutants (Table S1 in 16:00 LT) in the summer and early autumn, exhibited increased trend with the increasing NO y within air masses with 279 moderated CO mixing ratio of 0.25-1.5 ppmv, and the reversed trend for CO was not expected to be significantly increased. 280
It indicated that the transition from VOCs-limited regime to an optimum O 3 production zone (even NO x -limited regime), 281 probably occurred at NRCS site in warmer seasons. We speculated this change was mainly attributed to the larger emission 282 were both block green parks with high vegetation coverage. Moreover, the primary tree species in these two regions are 288
Liquidambar formosana and Cinnamomum camphora, respectively, as major contributor to the emissions of isoprene and 289 monoterpene (Chang et al., 2012), favoring the formation of O 3 . Air masses from Prince Bay Park and West Lake famous 290 scenic spot were confirmed to be transported to NRCS site during warmer seasons, as illustrated in Fig. S1 and Fig 
Dependences of pollutant concentrations on local emission and regional transport 298
To overview the impact of wind on the pollutants concentrations, we draw the seasonal wind dependence maps of pollutants 299 concentrations with wind sectors (See Fig. S2 in the Supplement for details). In total, similar seasonal patterns of wind 300 dependence map were found between CO and PM 2.5 , SO 2 , and NO y (NO x ), in good agreement with their seasonal patterns as 301 shown in Section 3.2. For CO and PM 2.5 , their top 10% concentrations were generally related with all the directions 302 throughout the year at speeds lower than 2 m s -1 while bottom 10% were associated with others direction wind except north 303 at higher wind speed. It's necessary to pay attention to the scatter points of top 10% concentrations distributed in north 304 direction with high wind speed. With respect to the wind direction and transport, as the wind speed increases, pollutants 305 concentrations should have been decreasing due to the more effective local dilution, thus the increase instead might indicate 306 potential sources in these directions. 307
To address this issue and further investigate the relative contribution of local emission and regional transport, we 308 employed the trajectory clustering and WPSCF, along the comparison with the emission inventories. The 72 h back 309 trajectories from NRCS site were computed by using HYSPLIT model for four seasons. As shown in Fig. 9a , we obtained 310 six clusters by the clustering algorithm for four seasons with seven dominant paths distributed in east (E), northeast (NE), 311 north (N), northwest (NW), west (W), southwest (SW), and southeast (SE). The length of the cluster-mean trajectories 312
indicates the transport speed of air masses. In this analysis, the long and fast moving trajectories were disaggregated into 313 groups originating from more distant SE and SW regions during summer and NW and N regions during other seasons. 314
Member of this cluster have extremely long transport patterns, some of them even cross over Inner Mongolia and Mongolia 315 Table 3 summarizes the percentages of these identified trajectory clusters on seasonal basis and the corresponding mean 322 concentrations of PM 2.5 and other trace gases related to each trajectory cluster. As inferred from Table 3 , the clusters 323 exhibited larger variability and season dependence: the predominant clusters were W (42.66%) in spring, SW (53.89%) in 324 summer, NW (35.53%) in autumn, and N (54.91%) in winter, respectively. It's of interest to note that some trajectory 325 clusters with small percentages are remarkably related with high pollutants concentrations. In summer, a few PM 2.5 pollution 326 cases (only 8.42% of the summertime trajectories) with mean concentration as high as 51.5 µg m -3 were related with the N 327 trajectories travelling across well-industrialized cities cluster (i.e., Suzhou, Wuxi, and Changzhou). 328
Furthermore, we depicted the seasonal WPSCF maps (a), the corresponding zoomed maps (b), and the emissions maps (c) 329
for PM 2.5 , O 3 , CO, NO x , and SO 2 , respectively, denoted with alphabets a, b, and c in the figure captions. Here we presented 330 the results of two representative species PM 2.5 (Fig. 6a, -6b , and -6c) and O 3 (Fig. 7a, -7b) and those of the other species 331 were included in the Supplement (Fig. S3a, -S5c) . Judging from the WPSCF maps, together with their corresponding 332 zoomed views and the calculated emissions maps, a few distinct features were summarized: (1) Local emissions were both 333 significant for the primary pollutants such as CO (Fig. S3) , NO x (Fig. S4 ), SO 2 (Fig. S5) , and PM 2.5 (Fig. 6 ) on seasonal scale. 334
For O 3 , local photochemistry dominated during spring, summer, and autumn (Fig. 7a, -7b ) due to strong photochemical 335 reactivity; (2) The potential sources of CO and NO x had similar patterns on spatial and seasonal scales, with higher values in 336 the NW during spring, covering the mid-YRD regions across Anhui Province and reaching the border of Henan Province; in 337 the NW and N during autumn and winter, covering the most area of Jiangsu Province and part of Shandong Province such as 338 Jinan, and Zibo city; (3) the higher values for SO 2 were located in the Ningbo city and the coast of Yellow Sea during spring, 339 in the southeastern region from East Sea during summer, probably due to ship emissions (Fan et al., 2016), but in the inland 340 cities such as Shaoxing and Quzhou city of Zhejiang Province during autumn and Anhui Province during winter. In total, 341 along with the air mass trajectories, the WPSCF maps for these primary pollutants were generally in line with their 342 respective corresponding species' emissions (Fig. 6c, -S3c , -S4c, and -S5c). Although no seasonal patterns in emission maps 343 were found, the emissions of these pollutants exhibited interspecies similarity and strong spatial dependence with 344 industrialization level. 345
In terms of PM 2.5 , the potential sources showed distinct seasonal variations such as southeastern regions of Jiangxi 346
Province and northwestern area of Zhejiang Province during spring and in the western city of North Korea (Pyongyang) and 347
South Korea (Seoul) with the northeasterly air mass across Yellow Sea during summer. As illustrated in Fig. 6a and -6b, the 348 contributions from local emission were both found to be more significant for autumn and winter than spring and summer, 349
For O 3 , its potential sources should be interpreted with cautions since it's not directly emitted to the atmosphere and has 356 complicated chemistry involved with VOCs and NO x . The majority of the measured O 3 is probably formed by 357 photooxidation in the vicinity of the measurement site (Fig. 7b) , named as local contribution, but clear differences associated 358 with regional transport were illustrated in Fig. 7a . In spring, high O 3 concentrations were connected with air masses coming 359 from the western and southwestern region (e.g., Anhui, Jiangxi, and mid-Guangdong Province), and the northwestern area 360 such as Jiangsu, Henan, and Shandong Province; In summer, more extensive potential sources were elucidated to be located 361 in the eastern-southern-southwestern regions of China, covering the southern part of Zhejiang Province, southeastern cities 362 of Jiangxi Province, almost the whole Fujian Province, and the eastern part of Guangdong Province; the mid-Zhejiang 363
Province (e.g., Quzhou, Jinhua, and Ningbo city). A very interesting finding should be pointed out that air masses 364 transported from the offshore area of Yellow Sea, East Sea, and South Sea, respectively on southeastern Zhejiang, Jiangsu, 365
and Fujian Province, were also found to be highly relevant to the elevated O 3 at NRCS site. To elucidate the specific causes of high PM 2.5 and O 3 episodes including the transport and local photochemical formation, we 374 chose two typical cases for detailed interpretations and are presented here. In this study, the haze pollution episode is defined 375 as the event that continuous days with daily averaged PM 2.5 concentration exceeding 75 µg m -3 , which has been also used to 376 distinguish non-haze and haze episode in other studies (Yu et al., 2014; Wu et al., 2016a) . With respect to this campaign, 377 there were two non-haze episodes (Phase Ι (28 Nov.-3 Dec.), Π (10-12 Dec.)), and their subsequent severe haze pollution 378 episodes (Phase Ш (2-9 Dec.) and IV (13-15 Dec.)) at NRCS site, respectively, as illustrated in Fig. 8 . In the Phase Ш, it 379 showed that high PM 2.5 (up to 406 µg m -3 ) appeared on 7 December and board PM 2.5 peaks (around 300 µg m -3 ) occurred 380 before and after two days. Simultaneously, CO, SO 2 , and NO x also reached very high levels on this day, confirming that the 381 common origin of CO and PM 2.5 from heating and combustion and the rapid conversion of SO 2 and NO x to sulfate and 382 (Wu et al., 2016a) . Subsequently, at the end of this episode significant drops of these species 391 except O 3 were observed from 00:00 LT to 23:00 LT on 9 December (i.e., 189 to 41.6 µg m -3 for PM 2.5 , 2.3 to 1.0 ppmv for 392 CO, and 145 to 47.9 ppbv for NO x ). Weather chart and wind data suggested that the region of NRCS was always controlled 393 by a strong continental high pressure system originating from northwest before 8 December (Fig. 9a-9f ), but rapidly changed 394 to be dominated under a strong marine high pressure system coming from east at 02:00 LT on 9 December (Fig. 9g-9h) , 395 which brought clean maritime air passing over Yellow Sea and thus caused such decreases in these pollutants. However, it 396 quickly turned back to be controlled under a continental high pressure system described above, carrying pollutants from the 397 city clusters to the NRCS site. It could account for the accumulations of these species during the intermediate period (Phase 398 Π). For the subsequent Phase IV with high PM 2.5 episode it was also found to be governed by a stagnant high pressure over 399 YRD region (Fig. S8) . 400 For 28 May in the Phase Ι, weather chart suggested that a strong anticlockwise cyclone located over YRD. In this case, the 405 cyclone (i.e., low pressure) caused favoring conditions, e.g., cloudy weather and high wind velocities, for pollution diffusion. 406
Then, a strong clockwise anticyclone from northwest, sweeping over cities cluster (i.e., Nanjing and Shanghai), rapidly 407 moved adjacent to NRCS site on 29 May. It carried the primary pollutants such as CO, SO 2 , NO x from these megacities and 408 secondary products (i.e., O 3 and some NO z ) were further produced via complex photochemical reactions under such synoptic 409 conditions. As orange shaded area shown in Fig. 10 , the hourly maximums of O 3 and PM 2.5 were observed as high as 141. NO x /NO y close to 1, while lower NO x /NO y ratio for the photochemical aged air masses. In this study, for the haze events as 439 mentioned above, the average and maximum NO x /NO y ratios were as high as 0.80 and 0.99, respectively, indicating that 440 photochemical conversion of NO x is not absent but fairly slow. It was well consistent with the largely weaken 441 photochemistry due to the low intensity of UV radiation in winter. In contrast, during the photochemical pollution period, 442 they were low as 0.53 and 0.14 for the average and minimum ratio. The simultaneous measurements of atmospheric O 3 , NO x , 443 and NO y can provide an insight into calculating the ozone production efficiency (OPE) for different seasons. c) The results from the emission inventories of the primary pollutants such as PM 2.5 , CO, NO x , and SO 2 demonstrated that 483 local emissions were both significant for these species but without distinct seasonal variations. The major potential sources 484 of PM 2.5 were located in the regions of southwesterly in spring, northwesterly and northeasterly in summer, and 485 northwesterly (the whole Jiangsu Province and Anhui Province) in autumn and winter, respectively. For CO and NO x , they 486 showed similar patterns with northwestern regions covering the mid-YRD regions and Anhui Province during spring and in 487 the northwestern and northern regions including Jiangsu Province and part of Shandong Province during autumn and winter. 488
The distinct seasonal variation in SO 2 potential might be from southwestern and eastern region during spring and summer 489 but northwestern during autumn and winter. Air masses transported from the offshore area of Yellow Sea, East Sea, and 490 South Sea , respectively on southeastern Zhejiang, Jiangsu, and Fujian Province, were also found to be highly relevant to the 491 elevated O 3 at NRCS site, probably due to the recirculation of pollutants by sea-and land-breeze circulations around the 492 cities along the YRD and Hangzhou Bay. This finding further emphasizes the importance of urban-induced circulation on air 493 quality. 
